This article demonstrates the characterization of field emission from individual carbon nanotubes ͑CNTs͒ attached to a tungsten tip, when the separation distance s between the anode and tip of the CNT ͑cathode͒ is less than 15 m. The separation distance is adjusted with a nanopositioning stage after establishing a datum by detecting the anode surface with the CNT tip. Our separation distance s differs by the height h of the CNT from the distance d that is often measured between the planar anode and the planar substrate of an emitting cathode. Consequently, the electric field at the tip of the CNT is modeled by F = V / s, where is our field amplification factor, rather than by F = ␥V / d, where ␥ is the more conventional field enhancement factor. Twenty-four sets of current-voltage I͑V͒ data were measured from an individual multiwall CNT at separation distances s between 1.4 and 13.5 m. A nonlinear curve-fitting algorithm extracted Fowler-Nordheim ͑FN͒ parameters from each set of I͑V͒ data, rather than conventional extraction from the FN plots. The turn-on voltage V to ͑to emit 1 nA͒ as a function of the separation distance followed an empirical power relation V to = as b , and the field amplification factor empirically followed the relation = ϱ s / ͑s + h͒ + 1. This experimental characterization is an improvement over other techniques since the gap is controlled more precisely over a larger range, the electric field at the CNT tip is not disturbed by other CNTs, and the anode is flat to within a few nanometers.
I. INTRODUCTION
Substantial interest in the use of carbon nanotubes ͑CNTs͒ as electron sources was stimulated by the earliest reports of their exceptional field emission behavior, 1,2 which results from their high aspect ratio, conductivity, and inertness. Many reports experimentally characterized electron emission from a multitude of nanotubes in films 3, 4 or patterned arrays 5 to achieve emission over large areas or increase the total emission current. Such arrangements are ideal for applications such as display devices, 6, 7 but the physics of the electron emission from individual nanotubes and their properties are obscured. Only average characteristics are determined from performance tests on films or arrays, and the interaction of electric fields from neighboring CNTs can even reduce the emitted current from an individual CNT due to a reduction in the field enhancement.
Characterizing the emission from individual nanotubes is therefore advantageous, but fewer reports are available.
More accurate characterization of nanotubes' work function, turn-on voltages ͑or turn-on field͒, current densities, and field enhancements is obtained when electron emission is from a single nanotube. Furthermore, it is possible to determine electron optical parameters such as reduced brightness, angular current densities, and virtual source size. 8, 9 Structural changes in the nanotube 10 and failure mechanisms 11 are also observable since emitters can be inspected with highresolution microscopy during or after emission tests. Techniques previously used to study emission from individual nanotubes include the measurement of I͑V͒ curves, [12] [13] [14] measurement of electron energy distribution, 15, 16 field emission microscopy, [17] [18] [19] in situ studies within a transmission electron microscope, [20] [21] [22] [23] and roaming anode techniques. [24] [25] [26] [27] [28] [29] Field emission studies from individual nanotubes are often conducted with distances between the anode and cathode exceeding several millimeters. For some techniques, such as I͑V͒ measurements, this is advantageous since the field enhancement becomes less sensitive to the distance and the uncertainty in the distance is small compared to the distance. However, many field emission applications use small sepaa͒ Electronic mail: vallance@gwu.edu ration distances ͑less than 15 m͒ since high electric fields are achievable with much lower voltages. At small separations, the field enhancement and turn-on voltage become very sensitive to the separation distance, as investigated theoretically and computationally by others. 30 Although the specifics depend on the cathode/anode shape and size, the field enhancement and turn-on voltage generally depend nonlinearly on the distance.
This strong nonlinear dependence on the distance suggests that experiments conducted at small distances require precise knowledge of both the distance and the applied voltage. Furthermore, experiments might vary the distance to determine the sensitivity of these characteristics to changes in the distance. However, such experimental data are not available. Table I summarizes results reported by others after conducting field emission studies with individual CNTs or carbon nanofibers at small distances. Of these studies, only Minh et al. 14 and Bonard et al. 27 reported I͑V͒ data for multiple distances. Minh et al.
14 measured I͑V͒ data for an individual CNT on a silicon tip. Bonard et al. 27 used a roaming anode technique within a scanning electron microscopy ͑SEM͒ to measure I͑V͒ curves from individual nanotubes protruding from a CNT film.
Caution is necessary when considering experimental or computational work at small cathode-anode distance. The definition of the cathode-anode distance and its relationship to the local electric field at the CNT tip can be defined and analyzed differently, and hence seemingly similar terms might describe different physical values. We use the term separation distance s measured between the flat anode and the tip of the CNT, while others, including Bonard et al., 27 use the distance d measured between the flat anode and the flat substrate of the cathode. Therefore, our separation distance s differs from d by the height h of the CNT. For large distances, this difference is negligible, but as s approaches zero, d approaches h. This difference is important when considering the enhancement ͑or amplification͒ of the electric field at the tip of the CNT. Historically, the field F at the tip was related to the applied voltage V by F = ␤V, where the field factor ␤ has the dimension ͓1 / length͔. More recently, the field F is related to both the voltage V and distance d using F = ␥V / d, where ␥ is the dimensionless field enhancement factor. In this article, the field at the tip of the CNT is related to the separation distance s and voltage V using F = V / s, and we call the field amplification factor to distinguish it from the field enhancement factor ␥. At large distances, the difference between and ␥ is indistinguishable ͑ ϱ = ␥ ϱ ͒ since s Ϸ d, but their difference becomes substantial for small distances where s and d differ significantly by the height h of the CNT. In fact, the amplification factor should approach unity ͑no amplification͒ as s approaches zero, but the enhancement factor ␥ mathematically approaches infinity or h / s as s approaches zero.
This article demonstrates a technique for characterizing the field emission from individual CNT field emitters as a function of voltage and separation distance s at small distances. The approach uses a nanopositioning apparatus to adjust the separation s between a CNT ͑cathode͒ and a metal-coated optical fiber ͑anode͒, and a nonlinear curvefitting algorithm extracts the Fowler-Nordheim ͑FN͒ parameters, rather than conventional extraction using slope and ordinate intercepts on the FN plots. The approach is an improvement over other techniques since the separation is controlled more precisely over a larger range, the electric field at the CNT tip is not disturbed by other CNTs, and the anode is flat to within a few nanometers. The technique is demonstrated with an individual multiwall CNT, and the sensitivity of the field amplification factor and turn-on voltage V to to changes in the separation distance s is determined. The values are determined over a range of separation distances between 1.4 and 13.5 m, which lies between the ranges reported by Bonard et al. 27 and Minh et al. 14 Unfortunately, the data cannot be correlated directly due to the differences in the size and geometry of the electrodes.
II. PREPARATION OF ELECTRODES
The CNT field emitter ͑cathode͒ used in these experiments is shown in the scanning electron micrograph of Fig.  1 . A ϳ60 nm CNT protrudes about 2.1 m from the sharpened tip of a 150 m tungsten wire. The anode was a 125 m cleaved optical fiber that was coated with copper along its cylindrical surface to connect with a gold layer deposited on the fiber's cleaved end. This arrangement estab- lishes a sharp cathode aimed at a much larger anode that is flat and smooth to within ϳ10 nm as estimated by scanning white light interferometry. The tungsten tip of the cathode was prepared by electrochemical etching in 2.0N NaOH standardized solution with dc voltages that are controlled by a circuit that detects a sudden change in the etch current when the submerged portion of the wire drops. 31 The tips exhibit a parabolic/ hyperbolic shape with tip radii typically around 15-50 nm.
Multiwall CNTs, synthesized by the chemical vapor deposition ͑CVD͒ using xylene and ferrocene, 4 are attached to the tungsten tip in two steps. The first step begins with aligning a sharp tungsten tip with a single CNT that protrudes from a film of CNTs using a nanopositioning stage that operates under an optical microscope. 31 Second, the CNT is cut ͑oxi-dized͒ by flowing current through the CNT. We suspect that the attached CNTs have an irregular end that might be open in some places, but this has not been confirmed. Furthermore, the tip's condition might change during emission as suggested by some experimental evidence of unraveling 32 or closing during emission. 33 Our technique is similar to those described by others, 34-36 but we do not use any adhesive on the tungsten tip.
III. APPARATUS AND INSTRUMENTATION
Our experiments are performed under a vacuum base pressure of about 4 ϫ 10 −8 mbar ͑3 ϫ 10 −8 Torr͒ using the apparatus and instrumentation illustrated in Fig. 2 , which consists of a nanopositioning stage, a high gain transimpedence amplifier, and a low-noise low-leakage high-voltage power supply. A personal computer ͑PC͒ controls the experiments and records measured data. The nanopositioning stage is guided by a double-compound flexural bearing 37 that is actuated by a UHV-compatible piezoelectric actuator ͑PZT͒ with about a 20 m displacement range. The separation distance s is controlled by the PC using an analog signal to a piezoamplifier ͑Polytec PI, model E-501.00͒. To reduce the error in the separation distance, nonlinearities in the displacement of the PZT are corrected with prior calibration.
The anode and cathode are passively aligned by pressing them into two grooves that are micromachined into quartz substrates. 38 We use stainless steel wires to preload the electrodes into the grooves and provide electrical contact with each electrode. The cathode remains stationary, and the anode moves when the piezoactuator presses against the flexural bearing.
The cathode is held at ground potential, and a positive dc voltage is applied to the anode using a high-voltage power supply ͑Bertan model 230-03R͒, which is remotely controlled by the PC. The emission current is measured with a transimpedence amplifier ͑Keithley, model 428͒ that has adjustable gains from 10 3 to 10 11 V/A.
IV. EXPERIMENTAL PROCEDURE
In measuring field emission at small distances, it is essential to establish a datum for measuring the separation distance s precisely such that the local electric field at the tip of an emitter can be determined accurately in later analyses. We accomplish this by detecting the anode surface with the tip of the CNT prior to measuring any I͑V͒ curves. We use a simple nondestructive technique by slowly closing the separation ͑at a rate of about 4 nm/ s or less͒ until a small bias voltage produces a sudden increase in the current. The sudden increase typically occurs over less than a few nanometers of displacement, so the initial separation distance is known to within the same value as the surface roughness/flatness in the vicinity where the electrons strike the anode. Once the anode surface is detected, the anode is retracted to its home position.
The current during surface detection for these experiments was conducted with a bias voltage of 1.0 V and is plotted in Fig. 3 as a function of the distance traveled by the anode. The current increased gradually to about 4 pA while the anode traveled 13.567 m, and then it suddenly jumped to about 1 nA during an additional travel of only 4 nm. From these data, we conclude that the initial separation distance is about 13.571 m, which serves as the datum ͑home position͒ for determining the separation distances during subsequent experiments.
Once the separation distance at the home position is known, I͑V͒ curves were measured at 24 separation distances, decrementing from about 13.5 to 1.4 m in about 0.5 m steps. The gain setting of the transimpedence amplifier used in the measurements was 10 7 V / A, which can measure currents up to 1 A. A single data point on a I͑V͒ curve is determined as the mean current recorded over a 1 s period at a sampling frequency of 10 kHz. Three I͑V͒ curves are recorded at each separation distance with the applied voltage ranging from below the turn-on voltage up to the voltage when a few hundred nanoamperes of current are detected. An average I͑V͒ curve for each separation distance is constructed using the mean of the three measured I͑V͒ curves at each separation distance.
V. ANALYSIS OF DATA
As demonstrated in prior reports of field emission from individual multiwall CNTs, 16 ,27 the emitted current density J ͓A/m 2 ͔ follows the Fowler-Nordheim ͑FN͒ equation, 39 even though it models a metallic field emitter. The FN equation in Eq. ͑1͒ gives J in terms of the work function ͓eV͔, local electric field at the CNT tip F ͓V/m͔, and the constants A and B, which equal 1.541ϫ 10 −6 A eV V −2 and 6.831 ϫ 10 9 eV −3/2 V m −1 , respectively,
The dimensionless functions t͑y͒ and v͑y͒ result from including the image charge effect in the surface potential barrier. These slowly varying functions are approximated by Eqs. ͑2͒ and ͑3͒ for y given by Eq. ͑4͒. We use a constant work function equal to 4.7 eV, as measured by Gao et The experimentally measurable quantities, current I ͓A͔ and voltage V ͓V͔, are related to the FN equation by assuming that J = I / A eff and F = V / s. A eff ͓m 2 ͔ is the effective emitting area, is our dimensionless field amplification factor, and s ͓m͔ is the separation distance measured from the tip of CNT to the anode surface.
It is a common practice to extract the FN parameters from the best-fit straight line on a plot of data using the FN coordinates, which are 1 / V along the abscissa and ln͑I / V 2 ͒ along the ordinate. Then, the emitting area and field amplification factor ͑or enhancement factor ␥͒ are determined from the ordinate intercept and the slope. We use an improved technique for extracting these parameters with a nonlinear least squares curve-fitting algorithm that fits the FN equations given in Eqs. ͑1͒-͑4͒ to each of the 24 measured I͑V͒ curves using only data greater than 0.1 nA. The data are adjusted for a voltage drop due to an effective series resistance of about 10 M⍀ in the circuit. These fits yield values for the field amplification factor and the effective emitting area A eff at each of the 24 separation distances. The values for the effective emitting area varied from about 20 to 350 nm 2 . This substantial variation in A eff is probably due to its high sensitivity on the variability of I͑V͒ measurements, which results mainly from fluctuation in the emission current. 40 The current fluctuation is attributable to transient variation in the work function caused by adsorption and desorption of residual gas atoms on the CNT tip. The vacuum of 4 ϫ 10 −8 mbar ͑3 ϫ 10 −8 Torr͒ means that roughly a monolayer of residual gas atoms forms on the emitter surface about every minute or less. 41 With this transient adsorption and desorption, the work function fluctuates between the work function for a clean surface ͑ϳ5 eV for carbon͒ and a lower work function due to tunneling through an adsorbed layer. We assume that the work function for our CNT is on average about 4.7 eV ͑slightly lower than that of carbon͒, and the effective emitting area resulting from this assumption appears reasonable. The mean of the 24 values for A eff was calculated, and we believe that the mean A eff is a better estimate of the actual effective emitting area than the individual values determined from each I͑V͒ curve. We therefore assume A eff to be constant and then repeat the curve-fitting algorithm a second time.
Since most field emission studies are typically performed at large distances, a model for estimating the field amplification factor at small separation distance needs further study. The authors are aware of one model, presented by Miller, 42 that uses the same definition of the separation distance s used in this work, and the model considers a sphere floating between a ground plane and a charged plane. Miller gave the model as = ϱ s / ͑s + h͒, where ϱ corresponds to the field amplification factor at infinity ͑distant field͒ and h is the effective height of the emitter. This equation suggests that decreases with separation distance s and approaches zero as s becomes very small. However, should approach unity ͑no amplification͒ when the separation is much smaller than the radius of curvature at the cathode's tip since the geometry approaches that of two opposing infinite planes, effectively eliminating geometric field amplification. Hence, we include a unity term in our modified form of Miller's equation so that = ϱ s / ͑s + h͒ +1. To validate our modified Miller equation for an emitter shaped as a hemisphere on a post, we computed by electrostatic finite element analysis ͑FEMLAB software͒ for separation distances varying from 5 nm to 10 m and with a fixed tip radius r = 10 nm and height h =1 m. Figure 4 demonstrates that our modified form of Miller's equation is also effective for this emitter, which is more reasonable for the CNT on tungsten tip. From the data in Fig. 4 , it is clear that our modified Miller equation fits the data well, and it yields a value of ϱ equal to 75.2 for the known emitter height. The field amplification factor for the geometry of this emitter at large distance can also be determined from ϱ = 1.2͑h / r + 2.15͒ 0.9 , as given by Edgcombe and Valdré. 43 Their expression gives ϱ = 77.2, so that the modified Miller equation is in error by less than 3% at large distances. This error would be even smaller if more data were computed for separation distance s larger than ten times the height h of the emitter. We therefore find that the modified Miller equation is a reasonable empirical model for how varies with separation distance s over a large range of values.
A turn-on voltage V to , which is the voltage necessary to produce 1 nA of emission current, is also determined for each separation distance. Both power and logarithmic relations were considered as prospective empirical curves since they both suggest that V to approaches zero and the derivative of V to increases rapidly for very small gaps. The logarithmic relation was used for emitters described by the hyperbolic model. 46 However, the CNT tip is definitely not hyperbolic, and we found that the power law fits the data better. Therefore, the turn-on voltage as a function of separation distance s was fitted to a power law of the form V to = as b .
VI. RESULTS AND DISCUSSION
Five of the 24 experimentally measured I͑V͒ curves ͑dots͒ together with their FN fits ͑solid lines͒ are plotted in Fig. 5 for separation distances s = 1.46, 1.98, 5.10, 8.74, and 13.43 m. Each curve consists of two distinct regions that are distinguished by changes in the first derivative of the data. In the first region, the slope is nearly flat and the emission current is below 60 pA due to the minimum resolution for a gain setting of 10 7 V / A on the transimpedence amplifier. A second region above 60 pA in the I͑V͒ data follows the FN theory well as indicated by the curve fits and also by straight lines plotted in the FN coordinates ͑not reproduced here͒. The I͑V͒ curves shift leftward with decreasing separation distance, and the amount of shift between successive I͑V͒ curves increases with diminishing separation distance. These trends are due to the rapid rate of change ͑increase͒ in the applied electric field ͑V / s͒ at small separation distances and the relatively slower change ͑decrease͒ in the field amplification factor . Hence, less voltage is necessary to establish a sufficient electric field at the CNT tip to produce emission. Similar observations were reported in prior studies with tungsten tips by Olson and Panitz 44 and with CNTs grown on silicon tips by Minh et al. 14 The dependence of emission on separation distance is further evidenced by a reduction in the turn-on voltage ͑voltage to emit 1 nA͒ as illustrated in Fig. 6 . The turn-on voltage decreases from about 75 to 48 V as the separation distance decreases from 13.43 to 1.46 m. The shape of the curve is similar to the numerical result of Edgcombe and Valdré, 43 the experimental result of Boyle et al., 45 and the experimental result of Young et al. 46 using the topografiner. At small separation distances, the derivative of the data is high, and it decreases to a nearly constant value at larger distances. Our results appear to fall in the transition region where the slope changes. The empirical power function relating V to ͓V͔ to the separation distance s ͓m͔ obtained from the best-fit curve is V to =44s 0.19 . Despite the reduction in turn-on voltage, the turn-on field at the CNT tip ͑V to / s͒ remains unchanged at about 3.7 V / nm for all the separation distances. This value falls in the lower range for typical field strengths ͑3-6 V/nm͒ necessary for field emission.
The field amplification factor is the magnification of the applied electric field ͑V / s͒ at the tip of an emitter due to the geometry of both electrodes and their separation. The factor is independent of the applied voltage, but it depends strongly on the separation distance s due to the concentration of the electric field. As illustrated in Fig. 6 , we observed that the field amplification factor decreased nonlinearly from about 700 to 110 with decreasing separation distance. These values are about an order of magnitude greater than we observed when using a tungsten tip without a CNT. After fitting our data to our modified Miller equation, we obtained the empirical relation between and s ͓m͔ to be = 2361s / ͑s + 32.8͒ + 1. This suggests that as s approaches infinity, the field amplification factor approaches ϱ = 2361. Also, the effective emitter height h is approximately 32.8 m, which is much greater than the protruding length of the CNT ͑2.1 m͒. This indicates that the shape of the tungsten tip plays a significant role in enhancing the electric field at the tip of the CNT.
We compare our results with those of Bonard et al. 27 since they reported the dependence of ␥ on the distance d = s + h using a scanning anode technique. They found that the field enhancement factor ␥ increased from 230 to 460 and turn-on voltages decreased from 185 to 47 V as the distance d decreased from 5 to 0.06 m. Based on fitting a curve to data published by Edgcombe and Valdré, 43 they found that the field enhancement factor increases significantly when the distance d becomes smaller than a quarter of the emitter height h, but it levels off for large distances. In apparent contrast, our field amplification factor decreases as the separation distance s decreases, but it also stabilizes to a constant value at large separations.
This contrast in the trends initially appears anomalous, but it is explained by considering the two different approaches for specifying the distance between the anode and cathode. Bonard et al. used the distance d between the flat anode and cathode and the corresponding relation F = ␥V / d, where ␥ is the dimensionless field enhancement factor. Therefore, their enhancement factor ␥ should increase rapidly towards infinity as the separation s approaches zero or d approaches h. For our data, the field at the tip is F = V / s, where is our field amplification factor. Therefore, should decrease and approach unity as s approaches zero.
The decreasing trend observed in our data agrees well with the computational work of Edgcombe and Valdré 43 and the earlier experimental work by Boyle et al., 45 who reported on the field emission from a pair of crossed tungsten wires 0.75 mm in diameter prior to the electrical breakdown. The similarity of our data is in terms of the gradual reduction in the first derivatives of our data for both turn-on voltages and field amplification factors.
Finally, we calculated the current density at the tip of the CNT for the data using the mean effective emitting area, which we determined to be A eff = 106 nm 2 . The current density is plotted against the local electric field ͑V / s͒ at the tip of the CNT in Fig. 7 . The current density follows the FN theory ͓Eq. ͑1͔͒ well for the electric fields between about 3 and 5 V / nm. For electric fields larger than 5 V / nm, a slight space charge effect is noticeable. This space charge effect is expected since we used the direct-current ͑steady-state͒ technique, which is most effective for field emission measurements at low electric field where this effect is less significant.
VII. CONCLUSIONS
Field emission from an individual CNT can be characterized as a function of the applied voltage and the separation distance in the near field. This was demonstrated using a technique that employs an apparatus to precisely adjust the separation with respect to a datum distance established between the tip of the nanotube and a metalized optical fiber. Sets of I͑V͒ data measured at various separation distances were fitted to the Fowler-Nordheim equation to determine how the field amplification factor and effective emitting area vary with the separation distance. We found that both the field amplification factor and turn-on voltage decrease as the separation distance decreases. We also found that the dependence of the field amplification factor and turn-on voltage is empirically well modeled by our modified Miller equation and a power law, respectively. The turn-on field at the CNT tip was nearly constant with separation distance at a steady value.
The technique was demonstrated for a ϳ60 nm multiwall CNT that protruded about 2.1 m from a sharp tungsten tip targeting a metalized optical fiber. Based on 24 I͑V͒ curves at separation distances ranging from 1.4 to 13.5 m, we found that the field amplification factor ranged from about 110 to 700 and fit empirically well to = 2361s / ͑s + 32.8͒ + 1. The turn-on voltage ranged from 48 to 75 V and fit well to V to =44s 0.19 . The mean emitting area was found to be 106 nm 2 , and the turn-on field at the CNT tip was about 3.7 V / nm.
The experimental technique described and demonstrated in this article enables the study of field emission from onedimensional ͑1D͒ nanostructures at small separation distances. The approach is an improvement over other techniques, such as the scanning anode approach, since the separation is controlled more precisely over a larger range, the electric field at the CNT tip is not affected by neighboring CNTs, and the anode is a flat to within a few nanometers. Because of the high sensitivity to separation distance, it is essential to detect the surface of the anode and establish a home position prior to conducting I͑V͒ measurements.
